ABSTRACT. The Soil Water Assessment Tool (SWAT) was implemented to determine annual sediment yields and critical source areas of erosion for the
INTRODUCTION
In 1998, the New York State Department of Environmental Conservation (NYSDEC) placed Buffalo River on the state's 303(d) list and designated it as a priority for TMDL development (NYSDEC 2004) . The Buffalo River has also been identified as one of the 43 Areas of Concern (AOC) in the Great Lakes region by the International Joint Commission (IJC) (IJC 2003) . Although "organics in contaminated stream sediments" have been identified as the primary pollutants on the DEC 303(d) list, sediment pollution in the river and its tributaries is a continuous and increasing concern. Recent surveys suggest that various sources of sediment are continuously being introduced due to suburban expansion and development occurring in the headwaters of the watershed (K. Irvine, Department of Geography, Buffalo State College, Buffalo, NY, unpublished data, 2001 ). These new sources of sediment could complicate the remediation/mitigation of the existing contaminated stream sediments in the downstream reaches. Furthermore, resource agencies such as the USDA Natural Resource Conservation Service (NRCS) and the Erie County Soil and Water Conservation District (SWCD) are very interested in identifying the sediment source areas in the watershed so that appropriate best management practices (BMPs) can be implemented to check sediment contributions at the sources.
The BASINS (Better Assessment Science Integrating Point & Nonpoint Sources) suite of models is one of the tools that is being actively promoted by the Environmental Protection Agency (EPA) for developing TMDL plans for the 303(d) list of priority waters (EPA 2001) . The Soil Water Assessment Tool (SWAT) model which is provided as a part of the BASINS tools has especially been popular for developing watershed-scale budgets of water and chemicals and to identify source areas of pollution (Arnold and Fohrer 2005) . SWAT has been extensively tested for watersheds in the southeastern U.S. (Santhi et al. 2001 , Saleh et al. 2000 and has also been extended to a few watersheds in the northeast and the Midwest (FitzHugh and MacKay 2001, Kirsch et al. 2002, Peterson and Hamlett 1998) . However, we are not aware of any SWAT applications for watersheds in the Great Lakes region, especially for watersheds that are affected by lake-effect precipitation (especially snowfall). Unique conditions in lake-effect regions include: considerable snow accumulation over the winter, sediment generation from ice-scour, and elevated discharge and sediment export with spring snowmelts. Furthermore, and unlike many portions of the south, many of the Great Lakes watersheds are not as intensely cultivated and have been experiencing a net loss of agricultural land in some regions due to loss of population.
Our interest in this research was to assess the use of SWAT2000 (Arnold and Fohrer 2005 ; SWAT2000 hereafter referred to as SWAT) for determining sediment yields and for identifying areas of erosion in one of the Great Lakes watershedsthe Buffalo River watershed. The Buffalo River watershed is typical of many of the Great Lakes watersheds in that: (a) it is influenced by lake-effect precipitation with heavy snowfall in the winter; (b) many of the small tributaries ice-up in the winter with ice-scour induced bank erosion at some locations; (c) the watershed is at its wettest during early spring when spring snowmelt along with storm events produce the highest streamflows; and (d) it has urban areas near the watershed outlet and rural and/or agricultural landscapes in the upper headwater reaches. By evaluating SWAT for the Buffalo River watershed we proposed to develop a methodology which would provide guidance for application of SWAT across other Great Lakes watersheds. Key questions that were addressed were:
• What are the most sensitive and key parameters that need to be adjusted? • Can SWAT simulate hydrologic and sediment yield patterns observed in a typical mixed-landuse Great Lakes watershed such as the Buffalo River? • What is the impact of resolution and accuracy of the landuse-landcover (LULC) GIS layer on model predicted sediment concentrations and yields?
• What are the source areas of sediment in the Buffalo River watershed and what factors dictate their spatial distribution in the watershed?
SITE DESCRIPTION
The Buffalo River has a drainage area of 1,098 km 2 spread across Erie, Wyoming, and Genesee counties in western New York (Fig. 1) . The city of Buffalo is located on the river at its confluence with Lake Erie. The Buffalo River has three main tributaries: Cazenovia Creek, Buffalo Creek, and Cayuga Creek (Fig. 1) . Average annual precipitation is 940 mm, 50% of which falls during April through September (USDA 1986). Average seasonal snowfall is 2,463 mm (USDA 1986). Snowfall totals are much greater in the headwater, higher elevations of the watershed which receive higher lake-effect amounts than the lower portion of the watershed. In winter the average temperature is 26°F whereas the corresponding value for summer is 69°F (USDA 1986) .
The range of elevation extends from a minimum of 174 m near Lake Erie to a maximum of 592 m along the southern edge of the watershed (Fig. 2) . The watershed is located within the gently rolling dissected glacial plateau of the Erie/Ontario lake plain ecoregion. During the Pleistocene era varying thicknesses of glacial drift were deposited over Devonian shales. The majority of this watershed exists in ground moraines and end moraines. Soils in the watershed are moderately deep to shallow soils formed in glacial till deposits. The predominant soil associations from the lower to the headwater areas are-Darien-Remsen-Angola, Opark-ManliusDerb, and the Volusia-Mardin-Erie (USDA 1986).
DATA FOR SWAT IMPLEMENTATION
The key GIS layers that were required by SWAT included the digital elevation model (DEM), stream drainage network, soils, and landuse-landcover (LULC). DEM quads of 10 m resolution for the Buffalo River watershed were available (CUGIR 2005) . The National Hydrography Drainage (NHD) network for the watershed was downloaded off the USGS NHD server (USGS 2005) . STASGO soils layers were downloaded off the USDA Natural Resource Conservation Service (NRCS) server (NRCS 2005) . The higher resolution soils GIS data SSURGO were only available for the Erie County portion of the watershed and hence could not be
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adopted for this analysis. The LULC layer provided with the SWAT model from the EPA BASINS web site (EPA 2001) displayed landuse information from the 1970s. This LULC was manually updated for changes in landuse parcels by comparing the data against landuse visible in 2002 digital ortho quarter quads (DOQQs) for NY (NYGIS 2005) . The updated LULC is produced in Figure 2 .
Meteorological data for the watershed were available from the NOAA National Climate Data Center (NCDC 2005) . Weather data for three climate stations: Buffalo Airport, Wales, and Bennington ( Fig. 1) were retrieved. Daily streamflow discharge was available for three active USGS gaging stations each located on the three major tributaries of the Buffalo River (Fig. 1 )-Cazenovia Creek (USGS Stn # 04215500); Buffalo Creek (USGS Stn # 04214500); and Cayuga Creek (USGS Stn # 04215000) (USGS 2003) . Discharge data were not available at the outlet of the Buffalo River.
Data on sediment concentrations were collected at multiple locations in the Cazenovia Creek subwatershed as described in the following section.
SEDIMENT SAMPLING AND ANALYSES
Sediment monitoring was performed using continuously logging sondes and manual grabsampling at selected locations in the watershed. Continuous monitoring was performed using Hydrolabs (Hydrolab, Inc.) and YSI sondes (YSI, Inc.) which recorded turbidity at every 15 minutes. Manual grab sampling allowed us to develop regression relationships between suspended sediment concentrations and turbidity which were then used to derive the sediment concentration time-series from the sonde data. The high-frequency sampling by the sondes provided a detailed picture of sediment concentrations especially during storm events. Manual grab sampling provided an idea of the spatial pat- tern of sediment concentrations in the watershed at a given instant in time.
The datasondes were installed at four locations within Cazenovia Creek subwatershed (Fig. 1) . For site 1A, data on turbidity were available for September 2002 through June 2003 while for sites 2F, 3C, and 3D turbidity information was available from June through December 2003. Gaps in data occurred when either the batteries failed or the sensors were too fouled up to record reliable information. As far as possible, the sensors were cleaned every 2 weeks and re-calibrated every 2 months. Grab sampling was performed at each of these four sites to develop individual turbidity-suspended sediment relationships.
Grab sampling for suspended sediment was performed during storm events and during baseflow periods at the outlets of the Cazenovia Creek, Buffalo Creek, and Cayuga Creek (Fig. 1) . Tributary reaches are primarily shale bottom with very little bed load transport and thus suspended sediment in the creeks constituted most of the total sediment load. Suspended sediment concentrations for the samples were determined by filtering the samples through 0.45 µm Millipore (Millipore, Inc.) filters and then determining the oven-dried weight of the filtered sediment (Standard Method 2540 D as described in APHA 1989) . The suspended sediment values and the corresponding turbidity values recorded by the sondes were then plotted to develop the suspended sediment-turbidity relationships.
SWAT IMPLEMENTATION
A comprehensive description of the SWAT model algorithms, parameters, and execution procedures is provided in Santhi et al. (2001) and USDA-ARS (1999) and hence is not repeated here. The SWAT model was first implemented for the Cazenovia Creek subwatershed since detailed hydrologic and sediment data were available for this subwatershed. Model calibrations were performed for the hydrologic parameters followed by sediment parameters. 1996, but hydrologic comparisons for 1996 were not performed because this year was used as a stabilization or "warm-up" period for the model. Hydrologic calibrations were performed by Monte-Carlo simulations where the model was executed 2,400 times at a daily time step and selected parameters were sampled within predefined ranges. Initial choice of parameters and the parameter bounds for Monte-Carlo simulations were determined following recommendations provided by Santhi et al. (2001) . The parameters that were selected for analysis were from the basin input file "*.bsn" and the groundwater input file "*.gw." Predicted and observed daily streamflows were separated into stormflow and baseflow components following Santhi et al. (2001) using a baseflow filter program (Arnold and Allen 1999) and the fits between observed and predicted values for each of these components were evaluated. The fit between predicted and observed values was assessed using three objective functions: the Nash Sutcliffe (NS) efficiency (Nash and Sutcliffee 1970) , Bias (Yapo et al. 1998) , and the Pearson product-moment correlation r. The NS is given by: meter value against an objective function value. Each point on the dotty plots indicates one complete SWAT simulation. The dotty plots indicate model sensitivity when the relationship between the parameter and the objective function is non-linear or the model fits concentrate in one area of the parameter space.
After calibration for the Cazenovia Creek subwatershed the model was extended to the complete Buffalo River watershed. In doing so, the implicit assumption was that the adjoining subwatersheds were similar enough in hydrologic response that optimum parameter values identified for the Cazenovia Creek subwatershed would be valid for the other subwatersheds. The simulated discharges from the Buffalo Creek and Cayuga Creek subwatersheds were compared against the USGS discharges for these tributaries. Predicted trends in sediment concentrations were evaluated against data from grab sampling. In addition, total sediment yield and areas contributing high erosion were determined.
RESULTS
Suspended Sediment and Turbidity Regression Relationships
Turbidity (T) (units = NTU) and suspended sediment concentrations (SSC) (mg/L) showed a strong correlation across all four sites. The regression relationships developed for the four sites were (all significant, p < 0.01):
These results show that the T-SSC relationships could vary across sites (even within the same watershed) and that individual relationships should be developed for each location. It is important to note here that the sondes can only record turbidity values to a value of 1400 NTU (although the prescribed instrument range is 0-1000 NTU the sondes do record values till 1400 NTU). Although all the turbidity values used in the regression equations were within this limit, we did record a few events where measured turbidity exceeded the 1400 NTU limit. For locations where turbidity routinely exceeds the in- where O t and Z t are the observed and predicted values at time t, respectively, and O m is the mean of the observed values. NS varies from 1 (for a perfect model fit) to 0 (model is no better than simple average of observed discharge) to negative values (model performs worse than the observed average discharge). The model Bias was estimated by:
Bias measures the tendency of the model-simulated values to be larger or smaller than their observed counterpart.
Sensitive parameters in SWAT were identified using two independent approaches: by evaluating the Pearson's correlation between parameter value and an objective function (like NS or Bias) and by evaluating the dotty plots (Beven 2000) between the parameter values and the objective functions. Dotty plots are essentially scatter diagrams of para-strument limit, the use of sondes to monitor sediment concentrations may not be appropriate.
Sensitivity Analyses
The parameters identified as sensitive by the Pearson's correlation approach are presented in Table 1 . The two "Sensitivity" columns, "NS" and "Bias," provide a qualitative assessment of SWAT sensitivity to these parameters using the two selected objective functions. A blank entry means that SWAT is not sensitive to the parameter in question (according to the chosen objective function) while "*", "**", and "***" denote low, medium, and high sensitivity. The parameter bounds sampled are also included in Table 1 . Parameter sensitivity identified using dotty plots with NS as the objective function are presented in Figures 3-4. SWAT exhibits sensitivity to different parameters and to a different degree according to NS versus Bias (Table 1) . This is to be expected, since these two objective functions provide non-overlapping information on model error: Bias looks for the overall tendency of the model to underestimate or overestimate discharge, while NS focuses on the closeness of daily discharge fit. SWAT simulations were sensitive to selected basin input file (*.bsn) parameters, especially those related to snow distribution (SNOCOVMX, SNO50COV), snowfall (SFTMP) and to a lesser degree, snowmelt (SMFMN). Similarly, the surface lag coefficient, SURLAG, which influences the temporal pattern of the discharge hydrograph was found to be sensitive. This observation is confirmed by high sensitivity of NS to SURLAG (Table 1 and Fig. 3 ). The soil evaporation compensation parameter, ESCO, which is particularly significant for the overall water budget was also identified as sensitive by the Bias. Similarly, groundwater parameters that mostly affect the overall water balance were "noticed" as sensitive by the Bias objective function. Groundwater response is too slow to affect the daily hydrograph fit and thus groundwater parameters were not identified as sensitive by the NS objective function.
Hydrologic Calibrations and Comparisons
The optimum parameter set identified from Monte-Carlo simulations alongwith SWAT-recommended default values is provided in Table 2 . Using these selected parameter values predicted annual streamflows were compared against observed val-TABLE 1. Parameter sensitivity determined from Monte-Carlo simulations. A blank entry "-" means that SWAT is not sensitive to the parameter while "*", "**", and "***" denote low, medium, and high sensitivity. ues (Fig. 5) . The ratio of predicted to observed total streamflow ranged from 0.94 to 1.25 with a mean of 1.02. The NS efficiency, correlation r, and Bias values for annual streamflow were 0.84, 0.95, and +0.02, respectively. Following annual comparisons, model simulations were also evaluated at the monthly (Fig. 6 ) and daily (Fig. 7) time steps. At the monthly time step, surface runoff and baseflow components of streamflow were also evaluated (Fig. 6) . Overall, the fits between observed and predicted monthly values were much better for total streamflow and surface flow in comparison to baseflow. Predicted baseflow values were consistently lower than the observed values during winter (especially January and February) and produced a sharp early spring peak (March, April) which was not seen in observed data. In comparison, the observed surface flow values were generally lower than the predicted values during summer (July, August). Daily comparisons of predicted and observed total streamflow were performed for the 1997-2002 period and as an example the fit between the daily values for the years 1999-2000 is presented (Fig.  7) . The NS value (0.67) for the daily comparisons (1997) (1998) (1999) (2000) (2001) (2002) was lower than the corresponding annual value. In 1999, there was a large snowmelt peak in the month of January which was not accurately simulated by the model (Fig. 7) . Daily model predictions for October-December were fairly good, predicted streamflows peaks exceeded the observed peaks during late summer (August, September). These results are further discussed in the "Discussion" section.
Comparison of Sediment Concentrations
Model simulations indicated that the sediment concentrations exiting the watersheds were primarily dictated by the cover factor C and the practice factor P for the agricultural "AGRL" parcels. This was not surprising since the "AGRL" parcels had the highest C and P values (compared to other landuses) and thus produced the maximum sediment load. However, with SWAT recommended (Santhi et al. 2001 ) default values of C and P for "AGRL" parcels, our initial model runs indicated that simu-lated sediment concentrations at the watershed outlet (1A) were an order (10 times) of magnitude greater than the observed sediment concentrations. Also, our observed sediment concentrations (derived from sonde turbidity values) showed considerable fluctuations in daily values, especially during storm events. Therefore unlike streamflow comparisons, we did not attempt to match and fit the individual daily predicted sediment concentrations at 1A against the observed values. Rather, we adjusted the C and P values for "AGRL" parcels until the predicted sediment concentrations for 1A were within the same order of magnitude as the observed values. To accomplish this, the C factor was reduced from the default value of 0.2 to a value of 0.1 while the P factor had to be reduced to 0.1 from the default P value of 1.0. C and P values for all other land uses were maintained at SWAT-recommended default values. In addition, since we did not have any specific information on channel degradation the "channel erosion" component of SWAT was deactivated. 
FIG. 5. Comparison of simulated and observed annual streamflows for the Cazenovia Creek subwatershed.
Sediment calibrations for site 1A were performed for the periods of September-December 2002 and April-June, 2003. The model over-predicted the sediment concentrations for events in SeptemberOctober and under-estimated the concentrations for events in May (Fig. 8) . In addition, a large spike in concentrations was observed starting 10 December 2002 while simulated concentrations remained low. Site visits on 10-12 December 2002 indicated that the spike in concentrations were due to severe bank erosion which was triggered by a failure of an ice jam immediately upstream of 1A. SWAT does not simulate bank erosion associated with ice-jams and thus could not replicate this event.
Once calibrated for the Cazenovia Creek outlet at 1A, predicted sediment concentrations were compared against observed values for internal sites 2F, 3C, and 3D for the year 2003 (Fig. 8) . Watershed drainage areas to points 1A, 2F, 3C, and 3D were 34,959, 10,862, 1,988, and 1,151 ha, respectively (Fig. 1) . Of the three internal sites, the match between observed and simulated sediment concentrations was best for sites 2F and 3D. The model overestimated the sediment concentrations for site 3D. Sites 2F and 3D drained a greater proportion of agricultural fields ("AGRL" parcels) than 3D which received runoff from a predominantly forested watershed. Across all sites, the simulated sediment concentrations were much flashier than the observed values. Interestingly, the event of 23-27 July 2003 was simulated well across all three sites. 
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Simulations for the Entire Buffalo River Watershed
Simulated annual streamflow yields (ratio of simulated streamflow and precipitation) for the entire Buffalo River watershed over a 7-year period (1997) (1998) (1999) (2000) (2001) (2002) (2003) varied from 0.46 to 0.58 with an average of 0.54. Precipitation during the same period ranged between 893 and 1,120 mm and streamflow discharge varied between 439 and 661 mm. Sediment yields varied from a minimum of 0.5 to a maximum of 1.05 tons ha -1 yr -1 with a 7-year average of 0.8 tons ha -1 yr -1 . Annual sediment yield for the 108,593 ha Buffalo River watershed amounted to 86,719 tons (average over the 7-year simulation period). For comparison, the measured sediment yield for the closest USGS sediment station on the Big Darby Creek in Ohio (138,306 ha; Stn ID: 03230500) for 1993 was 1 ton ha -1 yr -1 (USGS 2004) . Similarly, the annual sediment yield for Juniata River near Newport (868,686 ha; Stn ID: 01567000), PA for the period 1985-1993 was measured at 1.24 tons/ha/yr. These numbers indicate that SWAT simulated sediment yields for the Buffalo River watershed are generally within the range of sediment yields observed for nearby watersheds in the region.
From measured discharge data, Cazenovia Creek was the largest contributor of discharge to the Buffalo river watershed at 38%, with Buffalo Creek and Cayuga subwatersheds contributions at 31% each. In comparison, for the same period, simulated values indicated Buffalo Creek as the largest runoff contributor of streamflow at 38%, followed by Cazenovia Creek at 34% and Cayuga Creek at 28%. These results suggest that calibrated parameter values based on any one of the subwatersheds cannot simply be extended to the entire watershed. It appears that SWAT requires further fine-tuning of parameter values when the model is extended from a subwatershed to the entire watershed.
Grab sediment sampling during storm events at multiple locations across the three tributaries showed that Cazenovia Creek and Buffalo Creek concentrations (12-71 mg/L) were slightly greater than those measured for Cayuga Creek (19-43 mg/L) (Fig. 9) . During low flow or non-storm periods the sediment concentrations were low (5-12 mg/L) and there was not much difference in concentrations across the tributaries. It is important to emphasize here that the storm event grab sediment sampling was performed for only three events with two samples being collected per event and thus provides only a "snap shot" of the sediment concentrations at the sites during the events. The intent in this sampling was to get an estimate of the trend in sediment concentrations across the tributaries to compare against the trend in simulated concentrations. A frequency distribution of the simulated sediment concentrations for the three tributaries is presented in Figure 9 . According to the distribution, Cazenovia and Buffalo creeks generated a greater proportion of sediment concentrations in excess of 400 mg/L. For concentrations between 100-400 mg/L the pattern was mixed, while Cayuga and Buffalo creeks had a greater proportion of sediment concentrations less than 100 mg/L. If total sediment yield is considered, model simulations indicated that Cazenovia Creek was the largest contributor of sediment to the Buffalo River at 45%, with Buffalo and Cayuga creeks contributing 28 and 27% of the yield, respectively.
The spatial pattern of simulated sediment concentrations exiting various subwatersheds of the Buffalo River is presented in Figure 10 . From Figure 10 , it can be seen that headwater catchments in Cazenovia and Cayuga creek subwatersheds produced the highest sediment concentrations. In contrast, most of the Buffalo Creek watershed appears to generate much lower sediment concentrations.
DISCUSSION
What are the Most Sensitive and Key Parameters that Need to be Adjusted?
Our results found SNOCOVMX, SNO50COV, SFTMP, SURLAG, and ESCO to be the key parameters that affected hydrologic simulations. Although previous research has provided some guidance on SWAT parameters that need to be adjusted for model calibrations (Arnold and Allen 1996 , Santhi et al. 2001 , Srinivasan et al. 1998 ) only a few studies have conducted a thorough sensitivity analysis of the parameters (Spruill et al. 2000, White and Chaubey 2005) . White and Chaubey (2005) identified ALPHA_BF, CN2 (curve number), ESCO, and SURLAG as the sensitive parameters for hydrologic response for a watershed in Arkansas, while Spruill et al. (2000) found ALPHA_BF, recharge, drainage area, channel length, and channel width as the key parameters for a watershed in Kentucky. Both these studies were performed on watersheds in the southern U.S. where snow accumulation and melt does not play a large role in the water budget. Snow accumulations driven by lake-effect snowfall and spring melts are significant events in the Buffalo River watershed (and other similar Great Lakes watersheds) and our results suggest that snow parameters can be important in such climate settings. These observations underscore the need to perform model testing in a range of climates and hydrologic conditions since different model processes are "activated" under different climate conditions and can produce varying sensitivity results.
The default SWAT value for one of the basinwide (*.bsn input) snow parameters SNOCOVMX is 1.0 mm. SNOCOVMX is the minimum snow water content [mm] that corresponds to 100% area snow cover. The default value of 1.0 mm implies that when the whole watershed is covered by snow the average snow depth is about 4-10 mm (snow density is 0.1-0.25 that of water). For a watershed with substantial relief like Cazenovia (or the Buffalo River) a somewhat higher value may be more appropriate, probably in the range 10-50 mm. It is interesting that increasing SNOCOVMX to 100-150 mm results in performance increase of NS by 0.02-0.04, however values of 100-150 mm do not seem to be physically justified. This reasoning suggests that the choice of a single uniform value for the whole basin may not be appropriate for some of the basin-wide parameters like SNO-COVMX. A similar argument can also be made for the snowmelt parameters (SMFMN and SMFMX) which may vary across the basin due to variations in landuse (Donald et al. 1995 ) (snowmelt will likely be elevated in urban portions of the watershed). The sensitivity of these parameters suggests that SWAT algorithms need to be upgraded to account for spatial variability of snow accumulation and melt, processes that are especially important in Great Lakes watersheds. Fontaine et al. (2002) reached a similar conclusion and developed a new snowfall-snowmelt component while applying SWAT to a mountainous watershed in western Wyoming.
Can SWAT Simulate Hydrologic and Sediment
Yield Patterns Observed in a Typical Mixed-landuse Great Lakes Watershed such as the Buffalo River? Comparisons between observed and simulated streamflow indicated three concerns: (a) simulated baseflow was lower than observed values during winter but greater than observed during early spring; (b) simulated discharges were greater than observed during the low-flow July-August months; and (c) the model could not reproduce the high runoff peaks associated with intense storm events during late summer. The discrepancy between observed and simulated winter and spring streamflows suggests that the model did not replicate the snow accumulation and melt accurately. As per observations, snowmelt continued to occur slowly through the winter but the model was not able to simulate this slow release. The inability of the model to simulate melt-runoff in winter meant that larger amounts of accumulated runoff were released later in the spring. Furthermore, it is likely that elevated snowmelt contributions from urban/developed areas contributed to the higher discharges observed for the months of January-February. However, since SWAT does not account for the influence of landcover/landuse on snowmelt rates, it cannot reproduce the behavior. Another possibility that cannot be discounted is the occurrence of ice jams and frozen streams. Frozen streams can lead to additional storage and "backing up" of water in the stream channels which results in elevated stream stage (which is recorded by the USGS gages). Since SWAT does not simulate frozen streams it cannot account for this phenomenon.
The daily plots also indicated that peak discharges for a few storms in late summer and fall were either under-or over-predicted by the model. We attribute this to variability in rainfall distribution across the watershed. The influence of uncertainty in spatial distribution of rainfall on discharge predictions has been highlighted in previous studies (Haan 1989 , Chaubey et al. 1999 ). Since we were using only three rainfall stations it is likely that we did not capture the spatial variability in rainfall distribution. Inclusion of additional meteorological stations would likely improve these predictions.
Sediment calibrations showed that the values for C and P parameters associated with cropland parcels had to be reduced considerably to match simulated sediment concentrations with measured values. We attribute this to the possibility that not all the landuse identified as "cropland" on our updated LULC was being actively cultivated. It is noteworthy that since C and P values associated with cropland (or "AGRL") parcels are much greater than those for other landuses, cropland contributions of sediment are much higher than other landuses. GIS information on "actively" cultivated cropland was available from the Erie County office of the USDA-NRCS for only the Cazenovia Creek subwatershed (the Buffalo and Cayuga creek subwatersheds extended into adjacent counties). A comparison of the "cropland" area from the updated LULC with the "actively" cultivated fields (Fig. 11 ) indicated that the area in "active" cultivation was only one-fifth of the "cropland" area identified on the LULC. Thus, it is not surprising that we had to reduce default C and P values considerably to match observed sediment concentrations. If we had similar information of "actively" cultivated fields for the other two subwatersheds we would have corrected the "cropland" parcels in the LULC. However, since the data were missing for the other two subwatersheds we had no choice but to use the LULC as is with reduced C and P values.
Measured sediment data for the Cazenovia Creek outlet at 1A also indicated that high sediment concentrations could be generated due to failure of ice jams (event of 10-17 December 2002: Fig. 8 ). SWAT cannot simulate ice-scour-associated bank erosion and thus could not reproduce this event. To get an idea of the magnitude/importance of this event we computed the sediment load for this event (10-17 December 2002) using 15-minute USGS discharges and 15-minute sediment concentrations recorded by our sonde. The sediment output from this event was 0.13 tons/ha over the period of 10-17 December 2002. When compared with the SWAT-estimated annual sediment yield of 0.8 tons/ha for the Buffalo River watershed we find that the ice-scour event amounts to 16% of sediment yield. This suggests that ice-scour events can be an important contributor to annual sediment budgets and need to be accounted for in watershed-scale models like SWAT.
Sediment calibrations for site 1A followed by comparisons for internal nodes 2F, 3C, and 3D suggest that model simulations may have to be further fine-tuned for internal sites. The fits between simulated and observed for sites 2F and 3D were no better or worse than those for 1A, but simulated concentrations exceeded the observed values at site 3C. The comparisons also show that simulated concentrations are more flashy (sharper peaks and sudden drops) than the observed values. This indicates a process flaw in SWAT-the model is not simulating a process or mechanism that tends to dampen out these concentrations. It is likely that upland sediment loadings are dampened due to deposition processes in drainage channels and streams and SWAT is not adequately simulating these processes. Previous SWAT evaluations for sediment have typically been performed at the monthly (Santhi et al. 2001, White and Chaubey 2005) or annual scale (FitzHugh and Mackay 2001, Kirsch et al. 2002) and thus have not addressed such daily-scale fluctuations in sediment concentrations.
What is the Impact of Resolution and Accuracy of Landuse-landcover (LULC) GIS Layer on Model Predicted Sediment Concentrations and Yields?
The discussion presented in the previous section with regard to "actively" cultivated cropland highlights the importance of the accuracy and resolution of the LULC layer for SWAT sediment predictions. Clearly, identifying and updating LULC GIS layers from DOQQs (either manually or using an auto- matic algorithm) is not adequate enough. Data such as the "active" cropland parcels which were available to us from the county USDA-NRCS offices can be extremely helpful for improving the LULC information. In addition, the LULC information should be verified through field visits and watershed surveys. However, there will always be some limitations associated with the resolution of the LULC. In many of our watersheds narrow bands of vegetation (grass or forests) 3 to 15 m wide existed downslope of the agricultural fields. Such vegetative buffers can trap sediment generated from the upland fields and thus reduce the sediment yield from the watershed. However such narrow buffers are rarely delineated on the LULC GIS layerssuch limitations need to be considered, especially when simulating sediment output from small (less than 10 ha) watersheds.
What are the Source Areas of Sediment in the Buffalo River Watershed and What Factors Dictate their Spatial Distribution
in the Watershed? The spatial pattern of sediment generation (Fig.  10) in the Buffalo River watershed showed that sediment source areas are not solely dictated by the spatial distribution of croplands in the watershed. Although high sediment source areas were found in the headwaters of the Cazenovia Creek, a larger proportion of agricultural fields were located in Buffalo Creek and Cayuga Creek subwatersheds (Fig. 1) . So, despite having a lower proportion of agricultural land, Cazenovia Creek had a larger proportion of high sediment source area than the other two subwatersheds. We believe one of the reasons behind the higher sediment yields from the Cazenovia Creek subwatershed is the steeper slope gradients in this subwatershed (see Fig. 1 ). This suggests that land use in combination with other factors such as slope gradient is regulating the sediment generation in the Buffalo River watershed.
Another factor that may contribute to watershed sediment loads is streambank erosion. For SWAT simulations in this study the channel erosion component was deactivated since we did not have field measurements to constrain bank erosion parameters. Although the SWAT model has a simplified bank erosion algorithm we do not know of any studies that have explicitly evaluated or tested this model component. Our field observations over the 2 years of this study suggested that streambank erosion does occur on large tributaries especially during failure of ice jams (as shown by our sonde data) and later in the spring during high discharge periods. Streambank erosion was found to contribute to as much as 31-44% of the suspended sediment load for the Blue Earth River in Minnesota (Sekely et al. 2002) . In Iowa, Odgaard (1987) found that bank erosion contributed up to 30-40% of the suspended sediment. Thus, measurements need to be performed to determine the magnitude of this erosion and its contribution to the annual sediment yield in the Buffalo River watershed.
CONCLUSIONS AND RECOMMENDATIONS
The following conclusions and recommendations can be made from this study:
• The turbidity-suspended sediment relationship varied across the four sites in the Buffalo River watershed. This result emphasizes the need for developing site-specific turbidity-suspended sediment relationships. Our sampling also indicated that the sonde limit for turbidity (1,400 NTU) was exceeded for a few events during peak flow. For locations where turbidity values are expected to exceed the instrument limit on a routine basis the use of sondes to monitor suspended sediment may not be advisable.
• Parameters that were most sensitive for hydrologic predictions included: SFTMP, SMTMP, SMFMX, SMFMN, SNOCOVMX, SNO50COV, SURLAG, and ESCO. This study especially highlighted the importance of snow parameters, which previously had not been identified as sensitive for model simulations. These results underscore the need to evaluate the model under varying site and climate conditions. • Our results indicate that SWAT snow hydrology component needs to be upgraded, especially to account for spatial variability of the snow melt parameters and the impacts of varying landuse on the melt rates.
• Data from three weather stations were used in this study. We believe that a larger number of weather stations would have improved model fits, especially for intense localized storm events that occur during late summer and fall. Use of multiple weather stations would also provide better estimates of spring snowmelt since snowfall (and accumulation) can vary tremendously across Great Lakes watersheds subjected to lake-effect precipitation (narrow lakeeffect snow bands).
• The SWAT recommended values (default) for cover C and practice P had to be reduced considerably for the cropland parcels to allow model predictions to match observed data. These results attest to the need for measured sediment data for model calibrations. In addition, these results highlight the need to identify if agricultural fields are being actively cultivated or are abandoned. The accuracy and resolution of cropland areas delineated on the LULC GIS layers are critical for reliable sediment predictions.
• SWAT does not simulate bank erosion associated with failure of ice jams. Our preliminary measurements suggest that ice scour may produce substantial amounts of sediment. Further measurements are needed and bank erosion because of ice jams needs to be accounted for in the model simulations.
• SWAT was calibrated for Cazenovia Creek subwatershed and then the same parameters values were used to simulate the other subwatersheds of the Buffalo River. However, simulations showed that SWAT was not able to accurately simulate the proportional contribution of streamflow discharge from the three subwatersheds. This suggests that further fine-tuning of the model is required even if the model is extended to an adjacent watershed of similar size.
